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VEGF, and intravitreal injections of anti-VEGF are widely used as a standard treatment for nAMD. Intravitreal anti-VEGF injections are known to have excellent efficacy and be relatively safe for long-term use [6, 7] . However, since VEGF plays an essential role in development and maintenance of ocular tissue, especially in the retina and choroid and in neuronal protection [8] [9] [10] , inhibiting VEGF may theoretically have a negative impact on various tissues in the eye. Several studies have suggested that repeated intravitreal anti-VEGF injections lead to retinal pigment epithelium atrophy [11] as well as scleral thinning [12] . Furthermore, anti-VEGF is also reportedly toxic to retinal ganglion cells [13, 14] . However, few studies have examined the effects of repeated intravitreal anti-VEGF injections on retinal ganglion cell layers in patients. In addition, as AMD persists for a long time, the natural course of the disease may result in decreased retinal ganglion cell layer [15] . Therefore, a prolonged observation period would make it difficult to identify the actual effect of anti-VEGF treatment alone on reduction of the retinal ganglion cell layer.
Therefore, we investigated the effects of anti-VEGF treatment on retinal ganglion cells in nAMD patients not only after long-term follow-up periods, but also in a short-duration follow-up period after only three consecutive monthly injections.
Materials and Methods

Participants
This study was carried out in accordance with the Declaration of Helsinki following approval of the relevant Institutional Review Board (INHAU 2017-10-001). This was a retrospective study conducted during the period of January 2012 to February 2018. We reviewed the medical records of nAMD patients who were identified as naïve at treatment baseline and who had been given at least three consecutive injections of intravitreal ranibizumab (Lucentis; Genentech, San Francisco, CA, USA) or af libercept (Eylea; Regeneron, Tarrytown, NY, USA) at one-month intervals during the study period. All patients received the first three consecutive injections during the first three months and subsequently received injections using the Pro Re Nata protocol at the discretion of the physician. All pa-tients were evaluated for corrected visual acuity, intraocular pressure, and optical coherence tomography results before and one month after the three consecutive intravitreal injections and at the end of the study; the healthy fellow eyes were similarly evaluated at baseline. Corrected visual acuity was measured using a Snellen chart and converted to logarithm of minimal angle of resolution (logMAR). Subjects were excluded if they had previous or current vitreoretinal diseases in the fellow eye, any vitreoretinal disease other than AMD in the study eye, media opacity that interfered with macular examination, a history of laser photocoagulation and ocular surgery other than cataract surgery, a history of intravitreal anti-VEGF injection prior to the study period, an elevating intraocular pressure exceeding 21 mmHg during the study period, or high myopia (spherical equivalent ≤-6.0 diopters). Subjects with a history of dementia, multiple sclerosis, or glaucoma that could impact the ganglion cell-inner plexiform layer (GCIPL) were also excluded.
Optical coherence tomography analysis
The retinal ganglion cell layers were measured using spectral-domain optical coherence tomography (OCT) (Cirrus HD-OCT; Carl Zeiss Meditec, Dublin, CA, USA). One macular scan (macular cube 514 × 128 protocol) was obtained for each subject; the macular protocol also included a ganglion cell analysis, which detects and measures the thickness of the macular GCIPL within a 14.13-mm 2 elliptical annulus area centered on the fovea. The GCIPL thickness measurements were analyzed as mean, minimum, and sectoral (e.g., superior, superonasal, inferonasal, inferior, inferotemporal, and superotemporal) values. All parameters were measured automatically using the Cirrus internal macular thickness analysis algorithm. In this study, only good-quality OCT images with a signal strength greater than 6 were analyzed. All OCT scans were performed by a single certified technician. Two independent researchers (YMH and KSY), blinded to the results of the study, analyzed the OCT scans; subjects were excluded if the GCIPL layers automatically segmented by the Cirrus program were inaccurate due to severe macular edema, submacular hemorrhage, submacular fluid collection, or macular distortion.
Statistical analysis
Statistical analysis was performed using the PASW Statistics ver. 18 (SPSS Inc., Chicago, IL, USA). Comparisons between two independent groups were performed using Student's t-test, and comparisons between two paired measurements were performed using paired t-test. Statistical significance was defined as a p-value less than 0.05.
Results
Clinical features before treatment
Of the 184 subjects identified during the study period, 48 who met the inclusion criteria were enrolled in the study; the remaining either met the exclusion criteria or were excluded because OCT segmentation of GCIP was not accurate. In total, 48 subject eyes and 48 healthy fellow eyes of 48 patients were analyzed. The subjects included 34 males and 14 females; of these, 25 patients were given ranibizumab, and 23 patients received aflibercept. The mean age was 70.10 ± 8.89 years, ranging from 54 to 92 years, and laterality was evenly distributed, in 24 right eyes and 24 left eyes. The mean corrected visual acuity was logMAR 0.70 ± 0.41 in the study eyes and 0.19 ± 0.24 in fellow eyes (p < 0.001). The mean intraocular pressure was 15.27 ± 3.25 mmHg in the study eyes and 15.66 ± 3.17 mmHg in fellow eyes ( p = 0.548). The mean and minimum GCIPL thickness values were 70.50 ± 14.06 and 45.64 ± 19.96 µm, respectively, in the study eyes and 76.31 ± 11.52 and 66.66 ± 18.61 µm in the fellow eyes. The mean and minimal GCI-PL thickness values of study eyes were significantly lower than those of fellow eyes (p = 0.029 and p < 0.001, respectively). The GCIPL thickness the superotemporal, superior, superonasal, inferonasal, inferior, and inferotemporal sectors was 69. fellow eyes. Inferior and inferotemporal sectors were significantly lower ( p = 0.048 and 0.029, respectively) in subject eyes compared to fellow eyes, with no significant differences in the other sectors (all p > 0.05) ( Table 1) . No statistically significant difference was observed with respect to age, corrected visual acuity, intraocular pressure, or GCIPL thickness upon comparing the ranibizumab group and the aflibercept group.
GCIPL thickness change after three consecutive monthly injections
The GCIPL thickness as measured by OCT, corrected visual acuity, and intraocular pressure was evaluated before treatment, at one month after the three consecutive monthly loading injections (ranibizumab or aflibercept), and at the end of the study period in all 48 subject eyes with AMD. Analysis revealed that corrected visual acuity improved significantly from logMAR 0.70 ± 0.41 before treatment to 0.57 ± 0.44 after loading treatment (p = 0.001). The intraocular pressure decreased from 15.27 ± 3.25 to 15.04 ± 2.91 mmHg but was not statistically significant ( p = 0.575). Separately, mean GCIPL thickness significantly decreased from 70.50 ± 14.06 to 65.97 ± 13.91 µm ( p = 0.004) ( Fig. 1 We observed that GCIPL thickness was lower in all sectors after treatment than before treatment, but the change was statistically significant only in the superotemporal ( p = 0.011) and superior sectors ( p = 0.045) ( Table 2 ). Fig. 2A -2D presents a case example for these findings.
GCIPL thickness change at the end of the study
At the end of the study, after a mean follow-up period of 24.93 months (SD ± 19.86), corrected visual acuity improved significantly from logMAR 0.70 ± 0.41 before treatment to 0.56 ± 0.43 ( p = 0.005). Intraocular pressure was not significantly changed over the study period, from 15.27 ± 3.25 to 15.00 ± 2.93 mmHg ( p = 0.522). Mean GCI-PL thickness significantly decreased from 70.50 ± 14.06 to 62.56 ± 16.30 µm ( p < 0.001) ( Fig. 1 .40 µm after treatment. The GCIPL thickness was significantly lower in all sectors at the end of the study period than before treatment ( p = 0.003, 0.002, 0.033, 0.023, 0.001, and 0.001, respectively) ( Table 2 ).
Discussion
Since treatment of nAMD with intravitreal anti-VEGF injection is recognized to have an excellent therapeutic outcome compared with previous conventional treatments, many patients have been treated with long-term repeated injections. However, despite the therapeutic efficacy of anti-VEGF drugs, the corresponding side effects are unclear. As described above, since VEGF plays an important role in maintenance of retinal and choroidal tissue and also has Mean GCIPL thickness Fig. 1 . Representative map of mean ganglion cell-inner plexiform layer (GCIPL) at baseline, after three consecutive monthly loading treatments with anti-vascular endothelial growth factor for neovascular age-related macular degeneration (posttreatment), and at study end (end of study). The graph shows that mean GCI-PL thickness decreases from baseline to after loading treatment and then toward the end of the study. * p < 0.05.
neuroprotective effects [8] [9] [10] , artificial blockage of VEGF may result in intraocular complications. In fact, several studies have reported that repeated anti-VEGF treatment leads to atrophy of various ocular tissues such as the sclera [12] and retinal pigment epithelium [11] . In a review of the literature investigating the effects of anti-VEGF on retinal ganglion cells, a laboratory study showed that VEGF protects retinal ganglion cells from ox- idative stress, and this protective effect is eliminated by treatment with bevacizumab [16] . A similar study reported that survival of retinal ganglion cells under oxidative stress decreased with increasing concentration of bevacizumab administration [14] . An animal study further suggested that retinal ganglion cells were severely damaged when VEGF was blocked [10] , while another study indicated no changes in the retinal ganglion cell layer after VEGF inhibition [17] . Previous clinical studies of retinal alterations after intravitreal injections of anti-VEGF mostly reported changes in the retinal nerve fiber layer (RNFL) assessed using OCT. One study found that long-term treatment with anti-VEGF caused no significant change in RNFL thickness in patients with AMD [18] . Conversely, another report found that RNFL thickness was significantly decreased at 12 weeks after treatment with two intravitreal bevacizumab injections in patients with wet-type AMD, while there was no significant difference at 24 weeks compared with baseline [19] . In a study of various diseases including AMD, diabetic retinopathy, and retinal vein occlusion, anti-VEGF treatment had no significant effect on RNFL thickness [20] . Hence, it is difficult to clearly conclude the relationship between intravitreal anti-VEGF treatment and changes in RNFL thickness. However, the retinal ganglion cell layer in glaucoma patients is more sensitive to changes in the visual field than alterations in the peripapillary retinal nerve fiber layer [21, 22] . Therefore, a study evaluating changes in the retinal ganglion cell layer after intravitreal anti-VEGF injection therapy may be more meaningful, although there is only one such study published to date. According to that study, retinal ganglion cell layer thickness significantly decreased, with no significant change in RNFL thickness after an average of 31.5 anti-VEGF injection treatments over a mean of 45.3 months [23] . However, it is difficult to distinguish the cause of decrease in retinal ganglion cell layer thickness; it could either be a natural course associated with progression of AMD over the longterm follow-up, an effect of anti-VEGF drugs, or an intraocular pressure spike after intravitreal injection. Differing numbers and intervals of intravitreal injections also interfere with determination of the impact of anti-VEGF treatment on the retinal ganglion cell layer. Hence, we believe the results of the current study are meaningful, since the study assesses three consecutive anti-VEGF loading treatments commonly used in real-world clinical practice, and all subjects were administered the same number of injec-tions (three) and participated in the same observation period after baseline (3 months), thereby controlling variables that would affect the outcome. Also, a short observation period could reduce the effect of ganglion cell layer decrease due to long-term AMD progression rather than anti-VEGF treatment. We effectively evaluated the fundamental effects of anti-VEGF treatment by standardizing the treatment conditions and maintaining a high concentration of intraocular drug by administering an intensive treatment over a short duration.
To our knowledge, this study was the first to investigate the change in GCIPL after anti-VEGF treatment using the Cirrus OCT system. The Cirrus OCT system may experience segmentation errors during measurement of GCIPL when macular lesions are present [24, 25] . A previous study using the Cirrus HD-OCT system reported a larger number of scanning artifacts in eyes with wet AMD (64.4%) compared to those with dry AMD (20.5%) [25] . The authors suggested that morphologic features such as fluid between the retina and the retinal pigment epithelium or fluid within the retina led to misidentification of retinal boundaries, resulting in segmentation errors [25] . Recently, there have been several studies on automatic segmentation errors that arise while using various OCT devices [26] [27] [28] . Kim et al. [26] reported the frequency of segmentation errors with the Spectralis OCT system (Heidelberg Engineering, Heidelberg, Germany) and found clinically significant errors greater than 50 µm in 17 eyes (6.4%), 13 (43.3%) of which had wet AMD. Ho et al. [27] evaluated different OCT device systems among patients with various retinal diseases and concluded that the Cirrus HD-OCT system produced the lowest percentage of any type of artifact in patients with wet AMD. Hence, to improve accuracy, all cases with segmentation errors were excluded from the analysis, and only cases with good segmentation outcomes were included. In our study, 41 (22%) of the 184 patients were excluded because of inaccurate automatic segmentation.
There are some limitations to this study, including primarily its retrospective nature. Also, due to the small sample size, the statistical power was weak as segmentation error and other exclusion criteria were strictly applied, leading to a sacrifice of statistical power but improving the accuracy of the results. Consequently, a statistically significant decrease was observed only in the mean, superotemporal, and superior GCIPL thicknesses after loading treat-ment. However, even though the results were not statistically significant, a decrease in thickness was observed in all other GCIPL regions. Furthermore, the declining trend of GCIPL after anti-VEGF treatment became more apparent toward the end of the study, when statistically significant decreases in all measurements of GCIPL were detected. We therefore hypothesize that statistical significance could be obtained by increasing the sample size. Additionally, the mean, minimum, inferior, and inferotemporal GCIPL values were slightly lower in the study eyes compared to fellow eyes before treatment, which is similar to the results of other studies that report thinner retinal ganglion cell layer in nAMD than in healthy controls [15] . Although this study is meaningful as effects were evaluated in a short-duration follow-up period after three consecutive injections, the short observation period compared with those of other studies is still a major limitation. In one study, RNFL (not GCIPL) thickness was significantly decreased at 12 weeks after two intravitreal bevacizumab injections in patients with AMD but was not significant at 24 weeks [19] . Contrarily, our study showed a decrease in GCIPL not only after the short term, but after an average of 24.93 ± 19.86 months. However, we are still unable to predict how GCIPL thickness will change after a longer period. Further research is required to compare the results obtained after a longer duration in these patients.
In conclusion, although anti-VEGF injection therapy is relatively safe in AMD patients, careful observation is needed to consider the possibility of GCIPL reduction with only three doses of loading treatment. Furthermore, we should also consider the possibility of GCIPL thickness reduction with a larger number of injections over a long period. Therefore, in long-term treatment of intravitreal anti-VEGF injections for nAMD patients, especially those with glaucoma, it would be beneficial to aim efforts toward reducing total amount of medication by tailoring individualized therapies using various methods such as pro-re-nata or treat-and-extend.
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